An infant is described as "preterm" if they are born before 37 weeks of gestation. As nephrogenesis does not complete until 36 weeks of gestation, premature infants are often born with underdeveloped kidneys. Current evidence strongly suggests that this leaves those born prematurely more susceptible to developing kidney-related conditions later in life. Although the incidence of premature birth steadily increases each year in the United Kingdom, reports of perinatal death following preterm labour are falling. This is mainly attributed to the development of antenatal drugs, such as tocolytics, corticosteroids and antibiotics. Though these drugs have effectively reduced the incidence of premature-birth-related deaths, evidence suggests that they may be nephrotoxic. This review will describe the experimental evidence that some therapeutics are disadvantageous to kidney functions later on in life.
Introduction
An infant is described as "preterm" if they are born before 37 weeks of gestation. Although the number of infants born prematurely rises yearly in the United Kingdom, the incidence of premature-birth-related deaths is decreasing. This is mainly attributed to the development of antenatal drugs. Although there is a decreased risk of death, those born prematurely are more likely to have underdeveloped kidneys than infants born at term, as nephrogenesis does not complete until week 36 of gestation. Consequently, premature infants are often born with a reduced nephron count and low glomerular filtration rate (GFR) [1] .
Studies have highlighted the potential nephrotoxic effects of various drugs, which premature infants are exposed to both in utero and postnatally. Such drugs include tocolytics, corticosteroids, antibiotics, non-steroidal anti-inflammatory drugs (NSAIDs), and angiotensin-converting enzyme (ACE) inhibitors. As these drugs are administered before the kidneys are fully developed, it is essential to understand their poten-DOI: 10 .1159/000497162 tial renal implications on the developing neonate. This review provides a detailed summary of the research describing the effects of these drugs on kidney health.
Tocolytics
Spontaneous preterm labour accounts for one third of preterm births, and is the main cause of neonatal illness and death [2] . Tocolytics are a group of medications used to delay premature labour. This allows for treatment with organ-maturing drugs, such as corticosteroids, to maximise chance of survival.
A tocolytic commonly used in the United Kingdom is Atosiban, an oxytocin receptor (OTR) antagonist. Oxytocin is a peptide hormone that initiates uterine contractions by binding to its OTR on myometrial cells. OTRs belong to the G-protein-coupled receptor family and act through a G q pathway to initiate myometrial contraction (Fig. 1a) . If left uninhibited, these contractions will lead to labour [3] . Atosiban is a peptide analogue of oxytocin and is therefore able to bind to the OTR with high affinity. However, unlike oxytocin, it does not initiate the G q pathway, thus inhibiting myometrial contraction and delaying labour (Fig. 1b) [4] .
Numerous studies have highlighted potential nephrotoxic outcomes following Atosiban treatment. Reversi et al. [3] found that treatment with Atosiban prevented cell growth of human embryonic kidney cells in a concentration-dependent manner. It is suggested that Atosiban may activate the G i pathway, which has been linked to the inhibition of cell proliferation. This could lead to a reduction in renal cell numbers and have negative consequences in the developing kidneys of the neonate.
Oxytocin is important for kidney development and function [5] . As Atosiban does not specifically target myometrial cells, it is possible that it may interfere with other processes. Amaral et al. [6] found that treatment with Atosiban reduced oxytocin-induced renal vasodilation, which is important for sodium excretion in the urine. A reduction in oxytocin-induced renal vasodilation increases renal sodium, which can cause hypertension and other kidney-related diseases [6] . Sodium retention may be particularly detrimental to preterm neonates, who already have poor sodium excretion mechanisms.
Treatment with Atosiban has been shown to have a depressive effect on carbonic anhydrase (CA) [7] . CA is an enzyme which has a key role in facilitating acid-base regulation within the kidneys. By inhibiting CA, Atosiban may have a negative effect on the kidneys' ability to maintain homeostasis. Poor acid-base regulation in the kidneys can cause a build-up of acid in the body, leading to conditions such as metabolic acidosis, which is associated with kidney damage, uremic bone disease and mortality [8] .
Another tocolytic commonly used in the United Kingdom is Nifedipine. This is a calcium channel antagonist, which inhibits myometrial contraction by limiting the concentration of calcium within uterine cells [9] . Currently, there is a lack of research exploring the effect of Nifedipine on foetal kidney development; however, when administered intravenously into adults, Nifedipine was shown to increase GFR [10] . As preterm infants typically have low a GFR, Nifedipine could prove advantageous and improve kidney function soon after birth. However, more research is required to determine the effect of administering this drug to underdeveloped kidneys.
Antenatal Corticosteroids
Antenatal corticosteroids, such as Betamethasone and Dexamethasone, are routinely given to women in the United Kingdom during preterm labour. They accelerate the maturation of foetal lungs, and reduce the incidence of respiratory distress syndrome, which can prove fatal [11] .
Research in rodents, sheep and non-human primates indicates that antenatal corticosteroids may be harmful to neonatal kidneys by significantly reducing nephron number [12] . Dickinson et al. [13] found that external administration of corticosteroids significantly increased the expression of genes such as BMP4 and TGF-β 1 [13] . BMP4, a bone morphogenetic protein, is expressed in the stromal cells surrounding the wolffian duct. In a normal system, BMP4 inhibits Glial cell-line derived neurotrophic factor from binding to the ureteric bud (UB), thus inhibiting ectopic branching [14] . However, when upregulated, BMP4 is believed to cause the early cessation of nephron branching, leading to reduced nephron numbers [13] . TGF-β 1 has been shown to inhibit branching morphogenesis in cell culture and is therefore believed to limit nephrogenesis when upregulated [15] . These authors also found that treatment with corticosteroids increased expression of Gremlin, an inhibitor of BMP4 [13] . They concluded that the probable cause of this increased expression was in response to the upregulation of BMP4, to prevent a more severe nephron deficit from occurring ( Fig. 2) [13] .
Moritz et al. [16] found that treatment with Dexamethasone significantly increases the expression of angiotensin-II (Ang-II), and its receptors AT1R and AT2R. During nephrogenesis, Ang-II promotes UB outgrowth by inhibiting negative regulators such as spry1 [17] . When upregulated, Ang-II, AT1R and AT2R appear to cause the premature maturation of the foetal kidney, thereby limiting nephrogenesis and leading to a decreased GFR and lower urinary output (Fig. 2) [16] .
Research exploring the implications of in utero exposure to corticosteroids in human models is lacking. A study by van den Anker et al. [18] reported prenatal exposure to betamethasone had significant effects on the renal function of preterm infants in the first few days of life. However, this study had a small sample size of 6 participants and its findings may therefore not be generalisable to the wider population. Consequently, further research exploring the implications of in utero exposure to corticosteroids is required.
Antibiotics
Antibiotics are frequently used to treat bacterial infections. Preterm infants are significantly more likely to contract an infection post-birth than those born at term and therefore postnatal treatment with antibiotics is probable [19] . Additionally, antibiotics can cross the placenta, meaning neonates are also often exposed to them in utero. Although treatment with antibiotics has been shown to effectively treat infections, there has been long-standing concern over their impact on the developing kidneys.
Aminoglycosides
Aminoglycosides, such as gentamicin, are used to treat gram-negative bacterial infections. In utero exposure to these drugs can impair nephrogenesis, leading to a reduction in nephron number and alterations to glomerular size and shape [20] . As aminoglycoside antibiotics are not readily metabolised, they are filtered by the glomeruli and absorbed by proximal tubule cells via endocytosis [21] . Once absorbed, they can cause necrosis to the tubules of the nephron and inhibit the reabsorption of key nutrients (Fig. 3) [22] . The effect of postnatal exposure to aminoglycosides is not well researched. Some studies demonstrate that treatment with these antibiotics has no nephrotoxic effects, while others suggest that aminoglycosides increase the risk of kidney damage and renal failure [20, 23] . Further research is therefore required to assess the true renal effect of postnatal exposure to these antibiotics.
Glycopeptides
Glycopeptide antibiotics, such as vancomycin, are used to treat infections caused by Gram-positive bacteria. Kidney damage after treatment with these drugs is rare and is thought to occur primarily in those with predisposing factors such as older age or who already have reduced renal function [24] . In such patients, it is hypothesised that these antibiotics cause oxidative stress and damage to the glomeruli and proximal tubules, which reduces kidney function [25] . Research suggests that exposure to glycopeptides is not nephrotoxic when used in premature infants and in utero exposure does not appear to influence renal development in the neonate [26, 27] . However, as research exploring the renal effects of these antibiotics is lacking, further exploration of the topic is required to determine whether glycopeptide usage in premature infants is truly safe.
Fluoroquinolones
Fluoroquinolone antibiotics are used to treat a variety of common illnesses such as urinary tract infections. As with glycopeptide antibiotics, nephrotoxic outcomes following treatment with fluoroquinolones appear to be rare, with instances of reduced renal function only being reported in adults with predisposing factors [28] . Consequently, these antibiotics are generally regarded as safe to use in the new born. However, research exploring the renal implications of fluoroquinolone usage in the premature neonate is lacking and consequently requires further work.
Cephalosporins
Cephalosporins are broad-spectrum antibiotics, which are used to treat a variety of conditions. The incidence of renal impairment in adults following treatment with these drugs is low but poor tubular transportation in premature neonates can cause concentrations of cephalosporins to increase to nephrotoxic levels [29] . Research has shown that postnatal exposure to cephalosporins is a risk factor for developing acute kidney injury and failure in premature infants [30] .
Penicillin
Penicillin is a commonly used antibiotic which treats a variety of bacterial infections. Although renal toxicity following treatment with these drugs is uncommon, in utero exposure has been linked to a reduction in nephron number and inflammation to the renal cortex [31] .
Macrolides
Macrolides, such as erythromycin, are bacteriostatic antibiotics, which act against gram-positive bacteria. Research suggests that these antibiotics may indirectly cause acute kidney injury by inhibiting cytochrome P450 isoenzyme, CYP 3A4 [32] . This isoenzyme metabolises various drugs, which are administered clinically [33] . Inhibition of CYP 3A4 could therefore cause any drugs used in conjunction with macrolides, such as corticosteroids or other antibiotics, to concentrate to nephrotoxic levels.
Tetracyclines
Tetracycline antibiotics are commonly used to treat skin infections such as acne. Nephrotoxic outcomes following treatment with these drugs are rare, and consequently randomised trials exploring their impact on kidney function are lacking. However, case studies have reported incidence of acute nephritis and reduced GFR following tetracycline treatment [34] . Research exploring the molecular mechanism for tetracycline transport in the kidneys suggests that the impairment of organic anion transporters in the proximal tubules following exposure to these antibiotics may cause incidences of nephrotoxicity [35] . Many of the case reports were of individuals who had pre-existing renal impairment. As premature infants often have reduced kidney function shortly after birth, they may be at risk of nephrotoxicity following treatment with tetracycline antibiotics.
Sulphonamides
Sulphonamide antibiotics are used to treat a variety of common ailments such as soft tissue and urinary tract infections. Sulfamethoxazole is a commonly used sulphonamide and is typically used in conjunction with trimethoprim, another antimicrobial agent. Data reporting the effects of these drugs in premature infants in lacking; however, research exploring the impact of sulfamethoxazole-trimethoprim usage in adults have reported increases in serum creatinine concentration and acute kidney injury [36, 37] .
Non-Steroidal Anti-Inflammatory Drugs
NSAIDs are used in the treatment of patent ductus arteriosus (PDA). The ductus arteriosus is a blood vessel, which connects the aorta and pulmonary artery in utero.
Postnatally, this blood vessel is expected to close. If it does not, oxygenated and non-oxygenated blood can mix freely within the heart, which can result in infant morbidity. PDA is more commonly observed in preterm infants, due to their developmental immaturity [38] . Indomethacin and Ibuprofen are currently used in the treatment of PDA.
NSAIDs function by inhibiting the production of prostaglandins, which are known to keep the ductus arteriosus open. This inhibition is not restricted to the heart, and consequently prostaglandin concentrations are reduced throughout the body. In the kidney, prostaglandins have important roles in maintaining renal blood flow and GFR [39] . Consequently, treatment with Indomethacin and Ibuprofen has been shown to lower renal blood flow and GFR, leading to reduced urine production and increased concentrations of serum creatinine (Fig. 4) [40, 41]. Increased serum creatinine can prove deleterious to health, and in some instances, treatment with NSAIDs has even been reported to cause renal failure in neonates [42] .
A recent Cochrane review assessed the usage of paracetamol in the treatment of PDA. Results suggest that paracetamol is as effective as Indomethacin and Ibuprofen in treating this condition, with possibly fewer adverse side effects [43] . Currently, paracetamol is not recommended by NICE in the treatment of PDA, presumably as long-term data is not available for its usage. As a result, further research into the long-term implications of using paracetamol to treat PDA is required, to determine whether it truly is a suitable alternative to the current treatment options.
ACE Inhibitors
ACE inhibitors are used to treat instances of heart disease, such as hypertension [44] . ACE turns Ang I to Ang II, which results in vasoconstriction and promotes the release of aldosterone, a corticosteroid hormone that stimulates sodium absorption within the kidneys [45] . ACE inhibitors consequently cause blood vessel relaxation and induce sodium excretion by the kidneys, resulting in reduced blood pressure. It is well reported that those born prematurely frequently have increased blood pressure due to fewer functional glomeruli at birth [46] . Consequently, ACE inhibitors are often used in the postnatal care of premature neonates. Although these drugs successfully treat hypertension, there is concern over their potential nephrotoxic effects in premature infants.
Lindle et al. [47] conducted a retrospective review of 243 neonates with cardiac disease; 38 of these neonates were born prematurely. They found that treatment with the ACE inhibitors enalapril and captopril significantly lowered creatinine clearance and caused renal failure in 55% of premature neonates [47] . These findings are supported by case reports examining premature infants with heart disease treated with these drugs [48] . Normal renal function was achieved upon cessation of ACE inhibitor usage.
In utero exposure to ACE inhibitors, especially during the first trimester, has been linked to an increased risk of kidney malformation in the offspring [49] . As mentioned previously, Ang II acts via its receptors to regulate UB outgrowth, inhibiting negative regulators such as spry1 [17] . Therefore, in utero exposure to ACE inhibitors could impede on nephrogenesis and lead to improper kidney structure at birth and these drugs are consequently not recommended for use during pregnancy.
Conclusion
As kidneys continue to develop up to 36 weeks of gestation, preterm infants are often born with reduced nephron numbers and consequently sub-optimal renal performance. The number of preterm neonates surviving infancy increases yearly in the United Kingdom. This is primarily due to the use of drugs such as tocolytics, corticosteroids, antibiotics, NSAIDs and ACE inhibitors. Consequently, there is a steadily growing population of individuals who were subjected to such drugs in utero and postnatally. Although these drugs have proven benefits in improving survivorship in preterm neonates, research has raised concerns over their potential deleterious effects on nephrogenesis and overall renal health. As preterm individuals are already born with fewer nephrons, any substance that further impinges on their nephritic health would be especially hazardous and may leave them at an increased risk of developing kidney-related illnesses later in life. This literature review has highlighted that research into the effects of pre-and postnatal exposure to many of these drugs is lacking in premature human models. Furthermore, the author could not find any literature exploring the long-term effects of these drugs on renal function. It is therefore essential for further research to be undertaken, to truly understand the implications of exposing premature infants to these drugs.
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